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Field of the Invention 

There are many applications for instruments capable of 
measuring the total organic carbon content of water (TOC) 
over a wide range of TOC values. The typical approach is 
to oxidize the carbon in the sample to carbon dioxide, and 
measure the latter. For analysis of the TOC of samples of 
relatively high purity, the sample may be exposed to UV 
energy (i.e. <254 nm) , typically provided by a mercury 
lamp, possibly in the presence of a Ti02 or other 
catalyst. The conductivity of a static sample (e.g., a 
sample taken from a process stream of interest and analyzed 
separately) can be monitored over time during the UV 
exposure to determine when the reaction is complete. See 
commonly-assigned U.S. patent 4,626,413, and others. Such 
instruments are capable of extremely accurate measurements 
of the TOC of water samples. However, the oxidation takes 
considerable time, so that it would be desirable to provide 
a faster-responding instrument. Furthermore, the 

relationship of the conductivity of the water sample to its 
carbon dioxide content is linear only at low 
concentrations, leading to complexity in analysis of 
samples of higher CO 2 content. 

Current wide range TOC analytical processes use 
reagents and/or catalysts, such as sodium persulfate and 
phosphoric acid, to oxidize organic compounds in the sample 
to carbon dioxide, using either UV energy (i.e. <254 nm) , 

l 


typically provided by a mercury lamp, or heat, typically at 
least 100 °C, to effect oxidation. Oxidation times are 
typically 5 to 15 minutes and reagents have to be 
replenished frequently. Commonly the resulting CO2 is 
diffused across a membrane into a sample of ultrapure 
water, and the conductivity of the latter measured to 
determine the CO 2 content; this technique again becomes 
increasingly complicated at higher CO2 concentrations. 

As mentioned, the oxidation of carbon to CO2 can be 
stimulated in several ways. An additional variation is in 
the treatment of the sample. The sample can be held static 
in an oxidation cell, or the carbon in a flowing stream can 
be oxidized as it flows through an oxidation cell. In the 
latter case, the conductivity is commonly measured at the 
entry into and exit from the cell, so as to provide a 
measure of the change in conductivity and thus of the 
amount of C0 2 formed. However, this technique can provide 
an accurate measure of T0C only if the reaction is 
completed or is completed to a known degree while the 
sample is in the cell; neither can be reliably assured. 

In a non-catalyzed oxidation process, the sample is 
typically contained in a platinum crucible and heated to a 
high temperature, such as 600 °C to 900 °C The CO2 
generated is usually measured by means of a NDIR 
instrument . 

As mentioned, the conductivity of a water sample is 
usually measured to determine the CO2 content and thus 
measured its TOC. Other conventional CO2 detection 
techniques employ non-dispersive infrared (NDIR) or 
Fourier-transform infrared (FTIR) techniques. In another 
prior art technique, exemplified in publications by 
Bondarowicz and by Roehl and Hoffman, plasma-stimulated 
emission is used to measure the C0 2 content. The TOC is 
oxidized by conventional means, and a RF-generated 
inductively coupled plasma (ICP) , typically providing 
plasma temperatures of >2000 °C, is used to heat the 
resulting carbon to a temperature sufficient to emit 
radiation; an emission spectrometer is then used to measure 


the carbon content, and this value is used to determine the 
TOC. 

In a second known technique, exemplified in a paper by 
Emteryd et al., an ICP is used to simultaneously oxidize 
the TOC to CO 2 and to heat it to a temperature suitable 
for emission spectrometry. 

In both cases, the plasma generated is too hot to 
allow direct physical attachment of a conventional CO2 
detector (e.g., one employing non-dispersive infrared 
(NDIR) , Fourier-transform infrared (FTIR) , or conductivity- 
based techniques) , limiting the analytical technique to 
non-contact optical techniques, such as analysis of the 
spectral emission or mass spectrometry. This is because the 
previously described plasmas are "equilibrium" plasmas, 
that is, in which the energy of the electrons of the 
plasma is in equilibrium with the rotational and 
translational energy of the gas molecules. Accordingly, the 
plasma is physically extremely hot. 

The present invention also employs plasma oxidation 
techniques in connection with the measurement of the TOC of 
a gaseous sample or a sample of water, but does so in a 
significantly different way than in these two prior art 
techniques . 

More specifically, it would be desirable to employ 
plasma oxidation as the technique for converting TOC in the 
sample to C0 2/ so as to obtain an instrument capable of 
analyzing widely-varying TOC contents, yet allowing 
accurate analytical techniques such as NDIR, FTIR, or 
conductivity-based techniques to be used to measure the 
CO 2 thus produced. 

Objects of the Invention 

It is therefore an object of the invention to provide 
a wide-range TOC analytical instrument employing plasma 
oxidation to convert the carbon in a sample to C0 2 , but 
doing so at temperatures sufficiently low to allow 
preferred techniques to be employed for measuring the C0 2 
thus produced, and doing so in a short time, so as to 
increase the efficiency of the instrument. 
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Other objects of the invention will be apparent from 
the following. 

Summary of the Invention 

According to the invention, a dielectric barrier 
discharge (DBD) , also known as a silent discharge (SD) or 
atmospheric pressure glow discharge (APGD) , is provided to 
oxidize TOC in a gaseous or aqueous sample to C0 2 . DBDs 
are characterized by the presence of one or more insulating 
dielectric layers in the current path between metal 
electrodes in addition to the discharge gap. As known to 
those of skill in the art, the microdischarges generated in 
a DBD can be described as a weakly ionized, non-equilibrium 
plasma; in this connection, "non-equilibrium plasma" means 
that the mean energy of the electrons within the plasma is 
not in equilibrium with the vibration, rotation or 
translation energy of the bulk gas molecules. Therefore, 
the majority of the gas molecules stay at ambient 
temperatures while the electron energy is relatively high, 
so that the electrons of the plasma are effective in 
cleaving molecular bonds and thus driving the oxidation of 
TOC. 

The DBD employed according to the present invention is 
referred to herein simply as "the plasma". Table 1 lists 
some characteristic microdischarge properties in air at 
atmospheric pressure for a suitable plasma having a 
discharge gap of 1 mm (taken from literature) . 


Duration: 

10^-10*8 

total charge: 

io- 10 -io- 9 c 

Filament radius: 

about 10" 4 m 

electron density: 

10 2O -10 21 m- 3 

Peak current: 

0.1 A 

mean electron energy: 

1 - 10 eV 

Current density: 

10 6 - 10 7 Am -2 

filament temperature: 

close to gas temperature in the gap 


Table 1 


As noted, the relatively low plasma temperature (that 
is, as compared to the plasmas discussed in the art cited 
above) of less than 50 °C allows confinement of the plasma 
in a glass cell; however, since the plasma is non- 
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equilibrated, as noted the mean electron energy in this 
type of discharge is still sufficient to cleave chemical 
bonds. This allows the plasma to be used to drive the 
oxidation, while permitting measurement of the C0 2 thus 
generated by NDIR, FTTR, or conductivity-based techniques, 
thereby satisfying an important aspect of the invention. 

More specifically, due to their suitable energy, the 
electrons in the plasma are capable of generating highly 
reactive species. The nature of these species mainly 
depends on the type of gas that is filling the discharge 
gap. In the case of oxygen, some of these species are 
excited oxygen , atomic oxygen, ozone, peroxides, etc. In 
particular, in the presence of water (vapor) and oxygen, 
large quantities of hydroxyl radicals are formed in high 
amounts responsive to the plasma discharge. Hydroxyl 
radicals are very strongly oxidizing, and are considered to 
be the main oxidizing species not only in DBD induced 
oxidation reactions but also in the photocatalytic 
oxidation reactions employing UV irradiation of an aqueous 
sample, as discussed above. Accordingly, in addition to 
other factors, the available amount of hydroxyl radicals 
determines the rate of oxidation. The more hydroxyl 
radicals are generated, the faster the oxidation of a 
certain sample will proceed. In addition, a DBD also causes 
the emission of UV light which in turn drives the oxidation 
process. 

According to the invention, the sample can be injected 
directly into the plasma chamber, and the chamber can be 
directly coupled to the CO 2 -detecting analytical 
instrument with no loss of sample. Thus, highly accurate 
detectors such as NDIR or FTIR instruments can be used to 
measure the C0 2 content and thus determine the TOC of the 
sample. 

More specifically, as known to those of skill in the 
art, FTIR provides analysis for numerous compounds, and is 
thus useful in the experimental stage, so as to ensure that 
complete oxidation is taking place; in an appropriate 
production environment (as discussed further below) , NDIR, 
which is specific for a single infrared absorbing substance 
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(here C0 2 ) , may be preferred. Under certain circumstances, 
conductivity-based techniques may be preferred. 

Still more specifically, the present invention provides 
for gas-phase plasma oxidation as well as for plasma 
oxidation of TOC in a gaseous or aqueous sample to C0 2 . 
Creation of the plasma requires only a supply of oxygen- 
containing gas, such as air, CO 2 -free air, synthetic air, 
an inert gas (i.e. helium, argon, xenon etc.) charged with 
oxygen, or pure oxygen, and application of high voltage 
electrical power. If the oxidation takes place in the gas 
phase in the energetic plasma, oxidation times are less 
than one minute. If the oxidation takes place in the liquid 
phase, oxidation times are usually longer, but are still 
typically less than two minutes, thus fulfilling the object 
of the invention for a fast-responding, wide range 
instrument. The explanation for the difference in oxidation 
times is that the active species, which are generated 
mainly in the gas phase or on the liquid surface of the 
sample, must diffuse into the liquid phase before the 
oxidation can take place. To hasten this process, a large 
surface area is favorable and therefore a large wettable 
glass surface is provided. The experiments of the present 
inventors, as summarized below, indicate that plasma- 
induced oxidation according to the invention is 
considerably faster than and applicable to a wider range of 
TOC contents than existing methods. 

Detection can be accomplished with any conventional C0 2 
detection system, such as non-dispersive infrared (NDIR) or 
Fourier-transform infrared (FTIR) spectroscopy, or by 
dissolving the CO 2 -containing gaseous product in a sample 
of ultrapure water, and measuring the change in 
conductivity of the water sample; the C0 2 content of the 
sample can be determined from the change in conductivity. 
Alternatively, the emission spectra of C0 2 resulting from 
the organic carbon oxidation can be measured directly; the 
intensity of the emission is a function of the 
concentration of C0 2 present. 
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Brief Description of the Drawings 

The invention will be better understood if reference is 
made to the accompanying drawings, in which: 

Fig. 1 shows a plan view of a first embodiment of the 
plasma reactor cell according to the invention in which a 
mixture of a gaseous sample and the oxidant gas are 
introduced to the cell through the same inlet; 

Fig. 2 shows an elevational view of the cell of Fig. 1; 

Fig. 3 shows a view similar to Fig. 2 of a second 
embodiment of the plasma reactor cell, in which a fused 
silica capillary is implemented as the liquid sample 
injection device, and an oxygen-containing gas is introduced 
to the cell separately; 

Fig. 4 is a view similar to Fig. 1 of the cell in the 
Fig. 3 embodiment; 

Fig. 5 shows a typical experimental arrangement 
according to the invention; and 

Fig. 6 shows a further arrangement wherein the apparatus 
is also used to measure the total inorganic carbon (TIC) of 
the sample. 

Description of the Preferred Embodiments 

The essential elements of the plasma reactor cell are 
simply a vessel for containing the sample and the oxidant 
gas, a pair of electrodes across which a potential can be 
applied, so as to generate the plasma, and a suitable power 
supply. Figs. 1 and 2 show one embodiment of the plasma 
reactor cell 10 in which the plasma is generated according to 
the invention, and in which the plasma oxidizes the sample to 
C0 2 , while Figs. 3 and 4 show a second, closely related 
alternative embodiment. In both embodiments, the cell 10 
principally comprises a 13.0 cm x 2.15 cm x 0.55 cm (outside 
dimensions) elongated flat rectangular chamber made of 
borosilicate or quartz glass. The top and bottom glass walls 
form dielectric layers and have a wall thickness of less than 
1 mm. The other walls of the cell 10 are approximately 3 mm 
thick. Accordingly, the glass walls define an inner volume of 
approximately 12.4 cm x 1.55 cm x 0.3 cm (=5.8 ml). The 
inner glass surface is etched by an HF solution to improve 


surface wettability. An inlet port 12 and first and second 
outlet ports, 14 and 16 respectively, are provided at 
opposite ends of the cell. First and second outlet ports 14 
and 16 function as a simple gas/ liquid separator. 

Two metal electrodes, one referred as ground electrode 18 
and the other as high voltage electrode 22, are attached to 
opposite sides of cell 10. The electrodes are of similar 
design and are attached similarly. Thus, ground electrode 18 
is a 10.5 cm x 1.55 cm x 0.04 cm copper plate attached to the 
center of the bottom glass wall by electrically conductive 
silver grease such that it is at least coextensive with the 
entire inside transverse dimension of the volume of cell 10. 
Each of the four edges of the electrode 18 is sealed against 
the glass surface and the air with a high dielectric polymer 
paste (TV Corona Dope) to avoid arcing that might be caused 
by the sharp shaped edges of the electrodes when a high 
voltage is applied and to prevent ambient air from entering 
any gap that might otherwise exist between the outer glass 
wall surface and the electrode surface. Although the gas 
inside the plasma remains at nearly ambient temperatures, the 
metal electrodes may heat up during plasma operation. In 
fact, elevated temperatures might be advantageous in terms of 
efficient generation of the plasma. However, in the case of a 
liquid-phase oxidation, vaporization of the aqueous sample 
must be avoided. Therefore, a cooling device, shown 
schematically at 20 (i.e., a thermoelectric cooler or a 
forced air cooler) is also attached to the ground electrode 
18 to maintain it at a moderate temperature , e.g., in the 
range of 15 °C to 60 °C, during operation. As noted, a high 
voltage electrode 22 of the same construction and dimensions 
is attached in the same way to the center of the top glass 
wall, and may similarly be supplied with a cooling device. 
The electrodes 18 and 22 are connected to a high voltage 
power supply 24 supplied by Haiden Laboratory Co. Ltd., 
Hyogo, Japan, as indicated at 26. 

As will be appreciated by those of skill in the art, when 
the power supply is energized, an electric field is generated 
between the electrodes, and a plasma is established inside 
the cell, that is, between the dielectric surfaces formed by 
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the oppsed elongated flat walls of the cell. Of course, 
other cell designs could be employed, such as the concentric 
designs shown in the provisional application from which this 
application claims priority* 

As noted above, the cell 10 in the embodiment of Figs. 1 
and 2 has a single inlet port 12, and is employed where a 
gaseous sample, e.g., a gaseous mixture of volatile organics, 
possibly including water vapor, and oxidant gas are mixed 
prior to supply to the cell. The otherwise similar embodiment 
10 of Figs. 3 and 4 is used where a liquid sample is to be 
subjected to plasma oxidation. In the liquid case, it is 
critical for achieving fast and complete oxidation to form a 
thin and even film of the sample liquid on the inner glass 
surface. In the design of Figs. 3 and 4, the liquid sample is 
sprayed through the capillary 28 onto the bottom glass 
surface with sufficient hydraulic pressure, i.e. by means of 
a sample pump, to achieve a thin and uniform film of the 
sample liquid on the inside surface of the cell. In this 
case, the oxidant gas is introduced through a separate inlet 
port 30, concentric with tube 28, so that the sample and the 
oxygen containing gas are combined in the cell 10. 

More specifically, Figs. 1 and 2 represent a first 
embodiment of the plasma cell 10, suitable for the 
determination of T0C in gaseous samples. For example, the 
apparatus could be employed as a "Breathalyzer" for the 
measurement of alcohol in one's bloodstream as follows, with 
reference to Fig. 5, discussed further below. Imagine a 
gaseous sample of ethanol (e.g., the ethanol contained in 
one's breath after a couple of beers) in the sample flask 60. 
Ethanol is a volatile organic compound. Pump 62 would draw 
the gas to be tested (i.e., a breath sample) through the 
sample loop 50. Pump 62 is then turned off and pump 54 is 
turned on, transferring the content of the sample loop 50 
through inlet port 12 into the plasma cell 10. The oxidant 
gas is recirculated through the gas loop 49 containing pump 
44, condenser 46 and detector 48. CO2 which is contained in 
the sample before the plasma oxidation can either be removed 
prior to oxidation, or the existing C0 2 contained in the 
sample may be measured and taken as the background. Meanwhile 
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pump 54 can also be used to recirculate the sample gas 
through a second "liquid loop" comprising outlet 16, the 
sample loop 50 , and inlet port 12; however , after the 
gaseous sample has been successfully introduced from the 
sample loop 50 into the cell, further recirculation through 
sample loop 50 is unnecessary, so it could be bypassed if 
desired. After introduction of the gaseous sample into the 
cell, the ethanol will be oxidized by the plasma to C0 2 . The 
formation of the CO 2 is monitored through the course of the 
oxidation and the end point determined. As there is no liquid 
phase in this case, there is no need for an injection device 
such as the capillary 28 employed in the Figs. 3 and 4 
embodiment. A simple "tee" fitting can be employed to combine 
the sample flow and the oxidant gas flow prior to injection. 

Figs. 3 and 4 describe a second embodiment 10 of the cell, 
suitable for liquid samples. In principle, there are two 
different methods for introducing a liquid sample into the 
plasma cell. Option 1: injecting the liquid sample from the 
sample loop directly through the capillary 28 into the cell, 
i.e. by using pump 54 to apply a sufficient hydraulic 
pressure. The sample and the separately introduced oxidant 
gas are mixed within the cell. Option 2: Combining the liquid 
sample from the sample loop with the oxidant gas flow prior 
to injection. In this case, suction from the oxidant gas flow 
driven by pump 44 (Fig. 5) aspirates the liquid sample into 
the cell. Both methods are adequate. In the former case, 
where the liquid is introduced by capillary 28, the capillary 
28 extends into the interior of the cell and reaches into the 
plasma area to ensure that all of the sample comes into close 
and immediate contact with the plasma. 

Broadly speaking, the apparatus is operated as follows 
(with reference to Fig. 5) : In order to initially fill the 
plasma cell 10 with an oxygen containing gas, a 20 mlmin" 1 
to 200 mlmin" 1 gas flow from a gas supply is established 
through the internal volume of the cell. The gas is chosen 
for ease of generating a plasma and must contain oxygen in 
some form (0 2 , 0 3 , H 2 0 2 , N0 2 ) sufficient to completely 
oxidize the full amount of organic molecules present in the 
sample to C0 2 . For example, air, which typically contains 
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78 % v/v N 2 , 21 % v/v 0 2 and 0.03 % v/v C0 2 , is adequate for 
most applications, if it is stripped of C0 2 before admission 
to the plasma oxidation chamber. Accordingly, in the 
experimental arrangement shown in Fig. 5, air is admitted at 
40 to a column 42 filled with soda lime, for absorbing all 
C0 2 from the ambient air. The stream of oxidant air is 
passed through a water filled flask 43, to remove dust 
particles from the soda lime column and to saturate the air 
stream with water vapor, and a flowmeter 45. N 2 with 0 2 
added at from 1 % to 20 % is also acceptable. It has been 
determined that the presence of water or water vapor in the 
sample does not affect the plasma negatively. 

Gas flow through the passage can be maintained continuous 
by supply of the oxidant gas, or the gas present in the cell 
can be circulated in a "gas loop" 49 by means of a pump 44. 
The latter arrangement is shown in Fig. 5; the gas outlet 
port 14 is connected to the inlet port 12 through a loop 49 
which contains the pump 44, a condenser 46 and a C0 2 
detector device 48. Condenser 46 is employed to avoid the 
undesirable condensation of water inside the C0 2 detector 
cell. Condensation can be avoided either by cooling the gas 
stream beneath its dew point at the operating temperature of 
the detector, e.g., by means of a thermoelectric cooler or 
ice trap, or by passing the gas stream by a water-selective 
membrane, such as Nafion. The amount of oxygen trapped inside 
the volume of the plasma cell and associated loop, i.e., 
after closing of valve 47, is sufficient to completely 
oxidize the full amount of carbon present in the sample. 

High frequency, high voltage electrical power, 
specifically pulsed square wave alternating DC at frequency 
of between 1 kHz and 10 kHz and a voltage of between 6 kV and 
12 kV, is then applied to the cell by power supply 24. As 
mentioned above, the "Plasma Generating Power Source" offered 
by Haiden Laboratory Company of Hyogo, Japan is preferred. A 
plasma is established in the cell, as evidenced by an 
increase in current and a visible homogeneous or filamentary 
blue violet glow from the plasma cell. After ignition, the 
voltage is accordingly decreased to maintain the power 
applied at 0.08 kW to 0.25 kW. This is considered a 
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relatively low-energy non-equilibrium plasma, that is, as 
compared to the high-energy equilibrium plasmas used 
according to the prior art to stimulate CO2 in a sample to 
radiation-emitting temperatures; typical power levels for the 
plasmas used for these purposes are 0.5 to 2 kW. Such high- 
energy plasmas would be unsuitable in practice of the present 
invention, as they would render the sample far too hot to be 
analyzed using the preferred techniques. 

At the low power levels employed in the plasma according 
to the invention, a liquid sample stays liquid, i.e., an 
aqueous sample is not vaporized, as would occur if a high- 
temperature plasma were employed, as in certain of the prior 
art referred to above. Therefore, simple vertically-spaced 
exit ports 14 and 16 are sufficient to separate the oxidant 
gas, containing an increasing amount of CO2 as the TOC is 
oxidized, from the liquid. The C02-containing oxidant gas 
in the gas loop 49 can be repetitively recirculated through 
the detector 48 and the cell 10, while the liquid sample can 
remain static within cell 10 or be similarly recirculated 
through a liquid loop 55. 

More specifically, after establishment of the proper flow 
of the oxidant gas stream, and establishment of the plasma, 
an aqueous or gaseous sample of known volume is introduced 
into the cell 10 for oxidation. The sample can be drawn from 
a flask 60 into a sample loop 50, e.g., a PTFE tube of an 
appropriate and known volume, fitted with valves 61 and 63 on 
either side, so as to define a known volume of sample, or 
the sample can simply be injected by a syringe inserted 
though a septum. Sample introduction can be performed either 
intermittently or continuously, and can be achieved by a 
sample introduction device that sprays the sample into the 
gas stream feeding the plasma (such as a pneumatic, 
ultrasonic, or other type of nebulizer) or by a glass 
capillary that reaches into the plasma area and distributes 
the sample evenly on the inner glass surface to form a liquid 
film. Since the ground electrode is kept at ambient 
temperatures, vaporization of a liquid sample is avoided. The 
sample is driven through the plasma towards the opposite end 
of the cell either by the gas flow itself (in the case of a 
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gas or aerosol) or by gravity if the cell is mounted in an 
angle to the horizontal. 

The TOC in the sample is oxidized to C0 2 by the plasma. 
The CO 2 generated is measured at the outlet of the plasma 
cell 10 by a detector 48 using FTIR, NDIR or another suitable 
detection means. In a preferred embodiment, the oxidant gas, 
including increasing quantities of CO2, is passed through 
cell 10 repeatedly until an unchanging value for the CO2 
content as measured by detector 48 indicates that oxidation 
is complete. More specifically, a gas loop indicated at 49 
and including pump 44, detector 48, and condenser 46, is 
defined by proper settings of valves 47, 51, and 53. By 
admitting a known quantity of sample into the cell 10, and 
circulating the product gas stream through the detector 48 
and back into the cell by way of loop 49, the CO2 generation 
can be monitored through the course of the oxidation process. 
All of the generated CO 2 is captured within this gas loop. 
Therefore, the end point of the oxidation process can easily 
be determined, since the C0 2 concentration in the gas stream 
will reach a plateau value at the end of the oxidation. The 
final C0 2 concentration in the gas stream can be correlated 
to the initial carbon content of the sample. If the product 
gas is not circulated, that is, if the C0 2 containing 
product gas is discharged after C0 2 detection, the detected 
CO 2 signal must be somehow integrated over time to calculate 
the TOC, i.e. by an electronic integrator. 

Similarly, as noted, the liquid remaining after each 
oxidation cycle may be withdrawn at the outlet port 16 by 
means of a pump 54 and reinjected into the plasma cell 10 in 
order to ensure complete oxidation. Thus employing a "liquid 
loop" 55 is preferred in many cases, since it ensures that 
all of the TOC in the sample will eventually reach the plasma 
oxidation cell 10. 

As noted, oxidation is determined to have been completed 
when recirculation of the oxidant gas (as well as 
recirculation of the liquid sample, if this step is 
performed) does not result in detection of additional amounts 
of CO2, i.e., when the measured value for the C0 2 
stabilizes. Thus determining precisely when the reaction is 
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complete is functionally equivalent to selecting a static 
sample from a stream and monitoring its conductivity in a 
cell during simultaneous exposure to UV, and determining that 
the reaction is complete when the conductivity reaches a 
final value , i.e., as practiced according to the commonly- 
assigned patents referred to above. Thus, if a "liquid loop" 
55 is employed, the same stream of sample flows through the 
plasma cell 10 repeatedly, so that the oxidation will be 
completed. This "closed-loop" practice is to be 

distinguished from the common prior art practice of passing a 
stream through a UV exposure cell, and measuring the 
conductivity before and after exposure; under such 
circumstances there is no guarantee that the oxidation is 
completed, calling the TOC results derived therefrom into 
doubt . 

Table 2 below shows some typical results of a series of 
experiments carried out using the apparatus as described 
above to measure the TOC of samples containing various 
organic compounds. The results compare the volume of CO2 
generated by oxidation of the listed compound, as measured by 
FTIR, to the amount of C0 2 theoretically generated by 
complete oxidation of a known amount of the compound 
mentioned as injected into the system. As shown by the column 
headed "CO2 recovery in percent", these results illustrate 
that volatile compounds such as ethanol as well as non- 
volatile compounds such as benzoic acid are completely 
oxidized to CO2 ; that is, no detectable starting material, 
intermediate compounds, or carbon monoxide remains after 
oxidation. In addition, the amount of detected C0 2 
correlates well to the carbon content of gaseous calibration 
samples within the experimental error level. Samples can be 
introduced in liquid or gas form, most commonly as a sample 
of water with organic contamination to be determined, as in 
traditional TOC analyzers. 
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The selection of the instrument 48 used to measure the 
CO2 in the sample, i.e., whether this should be an FTIR, 
NDIR, or conductivity-based instrument, is relatively 
complex, and the instrument chosen will likely vary from case 
to case. 

In Fourier Transform Infrared Spectroscopy (FTIR) , a 
source of wide bandwidth radiation is used to produce light 
over a broad range of infrared wavelengths. An interferometer 
and a detector determine the intensity of absorption as a 
function of the interferometer position. By applying a 
Fourier Transformation, an intensity vs. wavenumber plot is 
generated that is responsive to the IR absorption spectrum. 
In NDIR, the absorption is measured over all the relevant 
wavelengths, so that the specific absorption at the 
corresponding specific wavelength is not determined. 
Therefore, the spectral resolution of FTIR is superior over 
the unspecific NDIR measurement. FTIR accordingly provides 
excellent results, and is capable of differentiating CO2 
from other species likely to be present, e.g., N 2 0 , but 
instruments employing FTIR principles are costly and much too 
bulky for production use. 

An NDIR instrument such as described in commonly- 
assigned patent 6, 114 , 700, which measures the amount of 
infrared radiation passing through the gas in the cell of the 
instrument, provides very accurate measurements, and is 
compact and inexpensive. However, this instrument is not 
suitable if the oxidant gas includes nitrogen, i.e., if air 
is used, as N 2 0 will be formed in the plasma and cannot be 
distinguished by this instrument from CO2. A company known 
as "Sensors Europe" offers an NDIR instrument said to be 
capable of distinguishing C0 2 from N 2 0 and to prevent cross 
interference in the determination process; if true, this 
instrument might be useful in connection with implementation 
of the present invention when it is desired to use air as the 
oxidant . 

Finally, conductivity-based techniques for determining the 
concentration of C0 2 in a sample of water by measuring its 
conductivity are well-known. However, such techniques are 
linear only at low levels of C0 2 , at which the C0 2 is in 
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dissociated ionic form; at higher concentrations, some of the 
CO 2 remains in solution and does not contribute to the 
conductivity- Accordingly, if conductivity-based techniques 
are to be used to measure the C0 2 , attention must be paid to 
the overall TOC concentration range. 

Other aspects of the system design shown in Fig. 5 will be 
apparent to those of skill in the art. In the experimental 
arrangement shown, the sample to be tested is supplied in a 
flask 60; for the initial filling of the sample loop 50, a 
stream of sample from the flask 60 is drawn by pump 62 
through the sample loop 50 and through the pump 62 into a 
drain. When pump 62 is shut off, the sample loop 50 contains 
a defined and reproducible amount of sample. A further pump 
54 is provided to transfer the sample into the cell 10 
through inlet port 12. 

Some TOC-containing samples of interest will also comprise 
an initial concentration of inorganic carbon (TIC) , normally 
in the form of carbonate. The "total carbon" concentration 
(TC) of such samples as measured after plasma oxidation as 
above, if performed in the presence of oxygen- and nitrogen- 
containing gases, such as air, will be responsive to the sum 
of the CO 2 responsive to the inorganic carbon, plus the CO2 
created due to the oxidation of organic compounds in the 
sample. More specifically, NO2 will be generated in the 
plasma due to reaction of oxygen with the nitrogen in the 
air. The NO 2 then dissolves in the aqueous sample (or reacts 
with OH radicals present) during the plasma oxidation, 
generating acidic HN03, and the HNO3 acidifies the sample, 
liberating the CO2 from the carbonates. Accordingly, CO2 
will be detected responsive to the TIC in the sample. 

Therefore, in order to obtain an accurate measurement of 
TOC alone, as is often desired, the inorganic carbon must be 
removed from the sample or its concentration measured prior 
to oxidation in the plasma. The TIC can be removed from the 
sample prior to exposure to the plasma by acidifying the 
sample, liberating the C0 2 as above, and passing the 
acidified sample past one side of a C0 2 -selective membrane 
having ultrapure water on its other side, to remove the 
inorganic carbon as C0 2 , or by treatment with an anion 
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exchange bed to remove the carbonate* In either case, the 
CO2 generated via subsequent oxidation in the plasma is due 
only to the TOC in the sample. 

Fig. 6 shows a partial reconfiguration of the Fig. 5 
system that may be useful in order that the previously 
described plasma cell can also be used to produce an acidic 
aqueous solution, which can in turn be used to acidify a 
sample for the purpose of removing or measuring its TIC. For 
this purpose, dry, C0 2 -free air from a source indicated at 
70 is subjected to plasma conditions in plasma cell 10, and 
the product gas stream is bubbled through a flask 72 filled 
with ultrapure water. The N0 2 formed in the gas stream (as 
above) generates a HNO2/HNO3 solution which easily reaches a 
pH < 2. By this procedure the instrument can produce and 
replenish its own acid supply, which may be very convenient 
in certain circumstances. For subsequent TIC measurement, a 
pump 74 mixes a portion of the acid from the acid reservoir 
with an aliquot of the sample in a TIC cell. At a pH < 4 all 
of the carbonates in the sample will be transformed to C0 2 
which can be measured by a C0 2 detector 78, e.g., the same 
FTIR, NDIR or conductivity-based instrument used later to 
measure the C0 2 content of the sample. In fact, the plasma 
cell 10 can also serve as the TIC cell 76; that is, the 
sample is mixed with a portion of the acid inside the non- 
operating cell 10 while the gas phase is circulated through 
the cell and the C0 2 detector 78. The detector determines 
the amount of C0 2 that is liberated simply due to the 
acidification of the sample, and this C0 2 amount is assigned 
to TIC. After minor reconfiguration of the apparatus, plasma 
oxidation of the TIC-free remaining sample can be performed, 
as above, in order to obtain the accurate TOC value. 

While several implementations of and alternative 
constructions for the instrument of the invention have been 
disclosed, the invention is not to be limited thereby, but 
only by the following claims. 
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